INTRODUCTION
============

Autophagy is a primary intracellular mechanism for the degradation of long lived proteins and organelles. It describes multiple distinct pathways that all utilise the lysosome (or vacuole) to degrade and recycle unwanted cellular components. Of these pathways, the major form is macroautophagy (hereafter referred to as autophagy), which is characterised by the engulfment of cargo destined for the lysosome into a double membrane bound vesicle called an autophagosome [@B1]. Autophagy was once regarded solely as a stress response mechanism enabling cells to withstand nutrient starvation; however it is now clear that it participates in wide ranging cellular processes influencing aspects of growth, development, differentiation and immunity [@B2]. The dramatic expansion in the known functions of autophagy stems largely from the improved definition of the pathway's molecular mechanisms achieved through extensive study of model systems such as yeast. This has led to the identification of multiple autophagy related genes (ATGs) that control and execute a complex process broadly summarised by the following principle stages - induction, autophagosome formation and degradation.

Autophagy is subject to tight regulation to ensure that it functions optimally. The signalling pathways that control autophagy induction are organism specific, but typically function through the protein kinase, Atg1, and its interacting partners [@B3]. Post induction, the isolation membrane expands to engulf and eventually surround the cargo in a mature autophagosome [@B4]. This process requires the coordinated recruitment of multiple factors, including components of two ubiquitin-like conjugation systems (Atg8-phosphatidylethanolamine (PE) and Atg12-Atg5) that participate in membrane elongation and autophagosome completion [@B5][@B6][@B7]. Atg12 is a small ubiquitin-like protein (UBL) that covalently links to Atg5 in a process requiring Atg7 and Atg10. Post conjugation, Atg16 associates with Atg5, stimulating homo-multimer formation, which facilitates membrane binding and Atg8 recruitment [@B8][@B9]. During membrane expansion the UBL Atg8 is uniquely conjugated to PE, an abundant membrane phospholipid [@B6]. This process requires the concerted action of Atg4, Atg7 and Atg3, and produces a lipidated protein that tightly associates with membrane. The Atg8-PE that decorates the external surface of the mature autophagosome is removed by the proteolytic action of Atg4, whereas internal Atg8-PE remains associated [@B10]. To recycle the autophagosome contents, the external autophagosome membrane fuses with the lysosome and its cargo, still bound by the inner membrane, is then degraded.

*In silico* screening of genome databases for ATG genes has indicated that autophagy is widely conserved amongst eukaryotes, and this has been confirmed experimentally with some species including evolutionary divergent parasitic protozoa, such as the kinetoplastids and apicomplexans [@B11][@B12][@B13][@B14]. *Trypanosoma brucei* is a parasitic protozoon, transmitted by the tsetse fly, which causes Human and Animal African Trypanosomiasis (HAT and AAT). During its life cycle, the parasite progresses through a number of developmental stages within the insect and mammalian hosts. Long slender bloodstream form (BSF) trypomastigotes replicate within the mammalian host, whilst procyclic form (PCF) trypomastigotes replicate within the tsetse mid gut. The short stumpy bloodstream trypomastigote is an intermediate transition life cycle stage that is transmission competent. The *T. brucei* genome contains identifiable genes encoding for approximately half of the yeast Atg proteins, including components of both the ATG8 and ATG12 conjugation pathways [@B11][@B12][@B13].

Investigation of autophagy in protozoan parasites has revealed that autophagy is central to fundamental processes such as cellular differentiation, virulence and the starvation response (reviewed in [@B15]). In addition to these pro-survival functions, autophagy has also been linked to a form of regulated cell death, known as autophagic cell death, in some protozoan parasites [@B16][@B17]. These findings are controversial, however, and detailed molecular analyses are required to identify whether activation of autophagy has occurred to orchestrate cell death or is merely a response to cell stress coincident with cell death [@B18]. Accordingly, it is important to elucidate whether or not autophagy is an active death mechanism; for instance, by using targeted genetic or chemical manipulation of the autophagy pathway and determining if this delays or abolishes the cell death phenotype under investigation.

Eukaryotic Target of Rapamycin (TOR) regulates diverse cellular events, most notably, in the context of this study the induction of autophagy. TOR functions through two multi-component complexes to control distinct aspects of cellular growth; TOR complex 1 (TORC1), which regulates temporal cell growth and TOR complex 2 (TORC2), which controls spatial cell growth [@B19]. Rapamycin is a macrolide widely used to induce autophagy and the compound's selective inhibition of TORC1 suggests this is the complex responsible for autophagy control [@B20][@B21]. *T. brucei* has both TORC1 and TORC2 complexes, but it has been reported that only TORC2 is sensitive to rapamycin and thus that rapamycin is not suitable for inducing autophagy in *T. brucei*[@B22].

In order to resolve some of these confounding issues we attempted a comprehensive analysis of *T. brucei* autophagy, focusing on both mechanism and physiological function. Confirming *T. brucei* ATG8.1 and ATG8.2 as *bone fide* ATG8-like proteins informed the subsequent development of transgenic *T. brucei* that combined autophagy-specific fluorescent reporter systems with RNAi silencing technology. Through RNAi targeting of genes predicted to function in the *T. brucei* autophagy pathway we were able to generate loss of function autophagy mutants. In PCF this identified a role for autophagy facilitating survival during nutrient starvation, but not in executing specific autophagic cell death events. In contrast, disruption of BSF autophagy did not lead to detectable phenotypes in cellular proliferation or differentiation.

RESULTS
=======

Autophagy in procyclic form *T. brucei*
---------------------------------------

*T. brucei* has 3 *ATG8*-like genes, *ATG8.1*, *ATG8.2* and *ATG8.3* (TritrypDB gene ID: Tb927.7.5900, Tb927.7.5910 and Tb927.7.3320 respectively). Structural analysis of ATG8.2 showed the protein contains a classical ubiquitin-like fold and displays significant structural homology to *bone fide* ATG8s, including conservation of key functional residues required for Atg4 interaction and lipidation as identified in yeast [@B23]. The *T. brucei* ATG8.1 and ATG8.2 proteins share 82% amino acid identity (the only divergence occurring at their N-termini (Fig. S1)) and are both incorporated into autophagosomes in response to nutrient depletion of cultured procyclic form (PCF) *T. brucei* [@B16]. However the role of ATG8.3 remains unclear, as despite good sequence identity to ATG8.1 and ATG8.2, a large insertion is predicted to interfere with the ubiquitin fold prohibiting interaction with ATG4 (Fig. S1)[@B23].

To investigate the 3 *T. brucei* *ATG8*-like genes we engineered PCF cell lines to conditionally express the proteins as N-terminal yellow fluorescent protein (YFP) fusions under the control of a tetracycline (tet) inducible promoter. The tet-induced expression of each fusion protein was verified by western blotting using anti-ATG8.1, an affinity purified polyclonal antibody raised against recombinant *T. brucei* ATG8.1 and anti-GFP, showing that the proteins were expressed at their predicted molecular masses (Fig. 1A). Only YFP-ATG8.1 and YFP-ATG8.2 were recognised by anti-ATG8.1, whilst YFP-ATG8.3 expression was only detected with anti-GFP antibody. While the anti-ATG8.1 confirmed that endogenous ATG8 expression occurred in both BSF and PCF wild type cell lines (Fig.1B), the similarity in the ATG8 predicted molecular masses (ATG8.1, 13.3 kDa; ATG8.2, 13.8 kDa; ATG8.3, 15.3 kDa), and the selective cross reactivity of anti-ATG8.1, prohibited identification of the endogenous ATG8 isoforms. Anti-ATG8.1 antibody also detected an unknown protein of approximately 40 kDa in both lifecycle stages (Fig. 1B).

![FIGURE 1: Conditional expression of YFP-ATG8 proteins in procyclic form *T. brucei*.\
**(A)**Expression of individual YFP-ATG8 fusion proteins was induced by growing cells for 24 h in media containing tetracycline (tet). 1 x 10^6^ cells were loaded per lane and immuno-blotted with anti-ATG8.1 or anti-GFP antibody. Anti-EF1α was used to demonstrate equal loading.\
**(B)** Endogenous ATG8 expression. 5 x10^6^ wild type BSF and PCF cells loaded per lane, were probed with anti-ATG8.1. Anti-EF1α was used to demonstrate equal loading.\
**(C)** Fluorescent microscopy was used to monitor the presence of autophagosomes in PCF cells conditionally expressing YFP fusion proteins following growth in SDM79 media, starvation in PBS for 2.5 h or 2.5 h nutrient starvation in PBS supplemented with 10 µM wortmannin. The mean number of autophagosomes per cell was determined by counting \>200 cells with data displayed as a mean of three replicate experiments from three independent clones. Error bars represent standard deviation and asterisks indicate where data differed significantly from the mean of the non-starved controls \*p\<0.05, \*\*\*p\<0.001.\
**(D)** Representative images of cells assessed as for C. Left hand images FITC filter set, right hand images DIC FITC merge. Scale bar 5 µm.](mic-01-009-g01){#Fig1}

Having established tight conditional expression of the ATG8 fusion proteins fluorescent microscopy was used to determine whether any characteristic ATG8 protein properties were evident. During standard nutrient rich culture YFP-ATG8.1 and YFP-ATG8.2 were predominantly distributed throughout the cytoplasm with punctate structures observed in a minority of cells. However, subjecting the tet induced cells to nutrient starvation, a widely used inducer of autophagy, significantly increased the number of observed puncta; the mean number of YFP-ATG8.1 puncta per cell increased from 0.22 (±0.03) to 1.30 (±0.25) and YFP-ATG8.2 puncta per cell increased from 0.13 (±0.07) to 0.87 (±0.08) (Figs 1C and 1D). These findings are in good agreement with data published previously showing autophagosome formation in PCF trypanosomes [@B16]. In contrast to the study by Li *et al.* [@B16] glucose supplementation of the starvation media was not required for puncta formation.

YFP-ATG8.3 was markedly different to YFP-ATG8.1 and YFP-ATG8.2, with comparatively low levels of puncta formation observed (Figs 1C and 1D). During standard culture conditions the mean puncta per cell was 0.02 (± 0.01), more than 10- and 5-fold lower than YFP-ATG8.1 and YFP-ATG8.2, respectively. Nutrient starvation did increase the observed puncta per cell to 0.04 (±0.03), however the magnitude of change was far lower than for YFP-ATG8.1 and YFP-ATG8.2. To provide more evidence for a link between puncta formation and the autophagy pathway, the effect of supplementing the nutrient starvation buffer with wortmannin, a PI3 kinase inhibitor and established autophagy inhibitor [@B16], was monitored (Figs 1C and 1D). As expected this reduced the appearance of puncta; effectively abolishing YFP-ATG8.1 and YFP-ATG8.3 puncta formation and significantly decreasing YFP-ATG8.2 puncta. These findings, in combination with those of Li *et al*. [@B16], provide convincing evidence that ATG8.1 and ATG8.2 are incorporated into autophagosomes and are therefore true ATG8-like proteins.

RNAi ablation of autophagy in procyclic form *T. brucei*
--------------------------------------------------------

To provide functional insights into *T. brucei* autophagy the YFP-ATG8 expression constructs were modified to operate in conjunction with RNAi compatible *T. brucei* cell lines [@B24][@B25]. To simplify the *T. brucei* autophagy reporter system, a plasmid designed for constitutive ectopic expression in *T. brucei* [@B26] was generated by switching the drug resistance to BSD and then inserting the YFP-ATG8.1 and -ATG8.2 ORFs into the expression site. The new constructs, were individually transfected into PCF 29-13 cells [@B24] already containing 2T7^ti^ RNAi constructs [@B27] targeting the *T. brucei* orthologues of either *ATG3* (Tb927.2.1890) or *ATG7* (Tb927.10.11180). These genes were chosen as initial proof of concept targets based on presumed essentiality to the autophagy pathway and high confidence bioinformatic predictions indicating single copy orthologues in the *T. brucei* genome [@B11][@B13][@B15].

Microscopic analysis of the PCF cells confirmed that the constitutively expressed YFP-ATG8.1 and YFP-ATG8.2 fusion proteins were functional and formed autophagosomes during nutrient starvation (Figs 2A and 2B). RNAi depletion of both ATG3 and ATG7 orthologues for 72 h significantly decreased the number of autophagosomes observed per cell following starvation (Figs 2A and 2B). Although cells depleted of ATG3 were almost entirely devoid of puncta after starvation, the effect of *ATG7* RNAi was less severe. This difference could be linked to RNAi penetration, with real time PCR confirming post RNAi depletion of *ATG7* transcript occurs to a lesser extent than *ATG3* (Fig. S2). However, it could also reflect varying half-lives of the target proteins, their different roles in the autophagy pathway or the presence of additional, and as yet unknown, ATG7 orthologues. Nevertheless, these findings provided additional experimental evidence supporting the identification of the *T. brucei* ATG3 and ATG7 orthologues [@B13][@B16] and created PCF autophagy mutants for detailed loss of function analysis.

Independent induction of *ATG3* or *ATG7* RNAi impaired cell growth of PCF cultured in normal media (Fig. 2C). The expression of YFP-ATG8.1 or YFP-ATG8.2 did not appear to influence the RNAi growth phenotypes, as RNAi in the PCF 29-13 cells produced similar results (data not shown). In *T. brucei* PCF RNAi autophagy mutants have previously been used to implicate the autophagy machinery in an active cell death process during prolonged *in vitro* PCF nutrient deprivation [@B16]. However, in this study disruption of PCF autophagy by 72 h RNAi of *ATG3* or *ATG7*, significantly diminished the capacity of the parasites to withstand and recover from acute nutrient starvation (Fig. 2C).

![FIGURE 2: Procyclic form *ATG3* and *ATG7* RNAi mutants.\
Constitutive expression of YFP-ATG8.1 and YFP-ATG8.2 in PCF was visualised by fluorescent microscopy following RNAi of either *ATG3* or *ATG7* for 72 h before nutrient starvation in PBS for 2.5 h.\
**(A)** Representative images, left hand images FITC filter set, right hand images DIC FITC merge. Scale bar 5 µm.\
**(B)** The mean number of autophagosomes per cell was determined by counting \>200 cells with data displayed as a mean of three replicate experiments. Error bars represent standard deviation and asterisks indicate where data differed significantly from the means of uninduced controls \*p\<0.05, \*\* p\<0.01, \*\*\*p\<0.001.\
**(C)***ATG3* and *ATG7* RNAi was induced for 72 h in cells expressing YFP-ATG8.1 before nutrient starvation for 3.5 h in PBS (dashed lines) or control treatment in SDM79 media (solid lines). Cells were re-seeded at 0 h in SDM79 + tet (empty boxes grey line, tet+) and SDM79 -tet (filled boxes black line, tet-) and growth was determined daily for 96 h. Data represent mean of three replicate experiments. Error bars show standard deviation and asterisks indicate where data differed significantly from the means of tet induced starved and non-starved lines at the 96 h time point \*\*\*p\<0.001.](mic-01-009-g02){#Fig2}

RNAi ablation of autophagy in bloodstream form *T. brucei*
----------------------------------------------------------

Having effectively combined the YFP-ATG8 reporters with RNAi in PCFs we extended our analyses to the BSF of the parasite. The constitutive expression constructs for YFP-ATG8.1 and YFP-ATG8.2 were used to create RNAi autophagy reporter lines in the 2T1 BSF cell line [@B25]. The resulting parental 2T1 cell lines individually expressing YFP-ATG8.1 or YFP-ATG8.2, were therefore compatible with the stem loop RNAi vector pTL that had been specifically designed to facilitate rapid construct generation [@B28]. Initially, RNAi constructs were designed to target the *T. brucei* ATG5 and ATG7 orthologues. RNAi depletion of either ATG5 or ATG7 did not impact cell growth over 96 h (Fig. 3A), and therefore 72 h post induction was validated as an appropriate time point for autophagosome analysis with RNAi specificity confirmed by quantitative RT-PCR (Fig. 3A). As predicted, RNAi depletion of both ATG5 and ATG7 significantly decreased the number of autophagosomes observed (Fig. 3B and 3C). However, RNAi of *ATG5* was the most effective at inhibiting puncta formation and was therefore selected for the subsequent loss of function analyses (Figs 3D, 4 and 5). To determine whether autophagy might contribute to parasite growth or survival in a more stringent *in vivo* environment, mice were infected with YFP-ATG8.2 *ATG5* RNAi parasites and RNAi was induced 24 h later by supplementing a subset of the mice's drinking water with doxycycline. This protocol allows clearance of parasites from the blood within 48 h for essential genes, such as the kinase *CRK3* (Figs 3D and S3) [@B28]. However, no difference in parasitaemia was observed between control and induced *ATG5* RNAi cell lines (Fig. 3D), suggesting that under the conditions tested autophagy was dispensable for the short term growth of monomorphic 2T1 BSF.

![FIGURE 3: RNAi of autophagy genes in bloodstream form.\
**(A)** Growth analysis of BSF RNAi mutants *in vitro*. RNAi of *ATG5* and *ATG7* genes in BSF 2T1 constitutively expressing YFP-ATG8.1 (diamonds) and YFP-ATG8.2 (squares). RNAi induced with tetracycline (filled symbols) and growth compared to controls (empty symbols) for 96 h. Cells were reseeded to 1 x 10^4^ml^-1^ at 48 h as required, with cumulative values shown. Arrows indicate time point selected for microscopy analysis. Inset: qPCR of *ATG5* or *ATG7* cell lines 72 h after tetracycline induction (hatch) or control in BSF 2T1 clones expressing either YFP-ATG8.1 (grey) or YFP-ATG8.2 (black). Error bars represent one standard deviation derived from three replicates.\
**(B)** RNAi depletion of *ATG* genes influences autophagy. Constitutive expression of YFP-ATG8.1 and YFP-ATG8.2 in BSF 2T1 cells was visualised by fluorescent microscopy following individual RNAi of *ATG5* and *ATG7*. Left hand images FITC filter set, right hand images FITC DIC merge. Scale bar 5 µm.\
**(C)** The mean number of autophagosomes per cell was determined in *ATG5* and *ATG7* RNAi lines by counting \>200 cells 72 h after induction, with data displayed as a mean of three replicate experiments. Error bars represent standard deviation and asterisks indicate where data differed significantly from the mean of the un-induced controls \*\*p\<0.01.\
**(D)** Growth analysis of BSF *ATG5* and *CRK3* RNAi mutants *in vivo*. 1 x 10^5^ (*ATG5*) and 5 x 10^5^ (*CRK3*) trypanosomes were inoculated in 3 mice and RNAi induced with doxycycline (Dox) in 2 mice 24 h (*ATG5*) or 48 h (*CRK3*) later. Parasitaemia was monitored by tail bleed and counting on a haemocytometer.](mic-01-009-g03){#Fig3}

Having established that autophagy disruption does not impact BSF growth, we sought to investigate the response of ATG5 autophagy mutants to dihydroxyacetone (DHA). DHA is a trypanocidal compound that has been suggested to function by stimulating autophagic cell death; evidence for this is electron micrograph detection of vesicles reminiscent of autophagosomes post DHA treatment [@B29]. 1 mM DHA did not affect the number of observed YFP-ATG8.2 labelled autophagosomes, whereas 6 mM produced a mild yet significant increase in the number of autophagosomes per cell (Fig. 4A). To see whether the autophagy machinery was actively required for DHA-induced cell death, the IC~50~ for DHA against cells with and without a functional autophagy pathway were determined by inducing *ATG5* RNAi 48 h pre-DHA incubation. This showed that there is no significant difference between the IC~50~ values for the un-induced control and ATG5 autophagy mutants (Fig. 4B), indicating that the autophagy machinery is not required for DHA-induced cell death in trypanosomes.

![FIGURE 4: Autophagy is not required for dihydroxyacetone (DHA) induced bloodstream form cell death.\
**(A)** DHA increases autophagosome numbers in BSF 2T1 cells. BSF 2T1 cells expressing YFP-ATG8.2 were grown with 1 mM and 6 mM DHA for 20 h. The mean number of autophagosomes per cell was determined by counting \>200 cells with data displayed as a mean of three replicate experiments and error bars represent standard deviation and asterisks indicate where data differed significantly from the mean of the untreated controls \*\*p\<0.001.\
**(B)** The IC~50~ of DHA was determined for BSF 2T1 YFP-ATG8.2 following 48 h *ATG5* RNAi induction (tet+) and un-induced control cells (tet-). Parasites were cultured with serially diluted DHA for 48 h before determining cell density. Graphs are representative of three replicate experiments.](mic-01-009-g04){#Fig4}

In *Leishmania* species autophagy facilitates lifecycle differentiation and thereby contributes to parasite virulence [@B12][@B30]. Monomorphic BSF 2T1 parasites are not able to progress through the entire *T. brucei* lifecycle, however, stimulation with citrate/cis-aconitate and reduced incubation temperature to 27^o^C initiates differentiation to viable PCF parasites [@B31]. Accordingly, autophagy was disrupted with 48 h of *ATG5* RNAi induction before stimulation of differentiation and analysis of characteristic PCF markers. The dynamics of EP-procyclin expression and repositioning of the kinetoplast in respect to the nucleus was unaffected by *ATG5* RNAi (Fig. 5) indicating that autophagy is not required for BSF to PCF differentiation.

![FIGURE 5: Differentiation in bloodstream form RNAi autophagy mutants.\
Differentiation of BSF YFP-ATG8.2 *ATG5* RNAi mutants (48 h after tet induction) was stimulated by switching cells to differentiation media and incubating at 27^o^C. Cells were analysed for characteristic PCF markers such as EP-procyclin expression and nuclear/kinetoplast re-configuration.\
**(A)** Western blot of whole cell extracts taken at specific times after induction of differentiation and probed with EP-procyclin, anti-EF1α and anti-OPB.\
**(B)** Fluorescent microscopy of cells 24 h post induction, fixed and labelled with anti-EP procyclin (red) and DAPI (blue) to show changes in the nuclear configuration (nucleus, N and kinetoplast, K). Scale bar 5 µm.](mic-01-009-g05){#Fig5}

Regulation of autophagy in BSF *T. brucei* by TOR
-------------------------------------------------

Although *T. brucei* contains an expanded TOR family (TOR1-4 [@B32]), rapamycin treatment of both BSF and PCF failed to significantly increase the number of YFP-ATG8.1 or YFP-ATG8.2 puncta (Fig. S4). This is in good agreement with findings for the PCF [@B16] and supports the atypical resistance displayed by the *T. brucei* TORC1 complex to rapamycin [@B22]. Nevertheless electron micrographs indicate that selective disruption of TORC1 through *TOR1* RNAi can stimulate autophagy in BSF parasites [@B22]. To investigate this observation, the 2T1 autophagy reporter lines were used to analyse YFP-ATG8.1 and YFP-ATG8.2 labelled autophagosome formation following independent RNAi depletion of the four *T. brucei* *TOR* genes (Figs 6A and 6B). RNAi of the *TOR* orthologues produced differing effects on cell growth over the 96 h time course; depletion of TOR2 caused rapid cell death, while TOR1 and TOR4 depletion lead to substantial albeit less severe growth defects, and TOR3 depletion did not affect cell growth (Fig. 6A). Given such diversity, the time point selected to assess autophagosome formation was determined individually for each RNAi target, balancing the maximum time for target protein depletion with cell integrity. Autophagosome analysis was therefore carried out ahead of detected growth defects or at 72 h if no growth defect was observed (arrow heads Fig. 6A). To ensure valid assessment and comparison, the down-regulation of RNAi target transcript and YFP-ATG8 fusion protein expression post induction were confirmed for each autophagy analysis time point (Figs 6A and S5).

![FIGURE 6: RNAi of *TOR* genes in bloodstream form.\
**(A)** Growth analysis of BSF RNAi mutants in vitro. RNAi of *TOR* genes in BSF 2T1 constitutively expressing YFP-ATG8.1 (diamonds) and YFP-ATG8.2 (squares). RNAi induced with tetracycline (filled symbols) and growth compared to controls (empty symbols) for 96 h. Cells were reseeded to 1 x 10^4^ml^-1^ at 48 h as required, with cumulative growth shown. Arrows indicate time point selected for microscopy analysis following. Inset: confirmation of RNAi specificity by western blot (where antibody available, TOR1 [@B22]) or by qPCR of TOR RNAi cell lines at selected analysis time points after tetracycline induction (hatch) or control in BSF 2T1 clones expressing either YFP-ATG8.1 (grey) or YFP-ATG8.2 (black). Error bars represent one standard deviation derived from three replicates.\
**(B)** The mean number of autophagosomes per cell was determined in *TOR* RNAi lines by counting \>200 cells at selected times after induction (arrows in A), with data displayed as a mean of at least three replicate experiments. Error bars represent standard deviation and asterisks indicate where data differed significantly from the mean of the un-induced controls \*p\<0.05. Constitutive expression of YFP-ATG8.2 in BSF 2T1 cells was visualised by fluorescent microscopy following individual RNAi of *TOR1*. Left hand images FITC filter set, right hand images FITC DIC merge. Scale bar 5 µm.](mic-01-009-g06){#Fig6}

In this study the only *T. brucei* TOR orthologue for which RNAi downregulation significantly increased the number of autophagosomes detected was TOR1, with RNAi increasing the YFP-ATG8.2 labelled autophagosomes per cell from 0.24 (±0.07) to 0.35 (±0.04) (Fig. 6B). However, only YFP-ATG8.2 was sensitive to *TOR1* RNAi, as no significant change to YFP-ATG8.1 autophagosome formation was observed, pointing towards the presence of independent mechanisms of regulation for the two ATG8 orthologues. Furthermore, depletion of TOR2, TOR3 and TOR4 did not induce autophagosome formation; in fact, the only other significant change in comparison to the basal autophagosome levels was a slight decrease in YFP-ATG8.2 labelled autophagosomes following *TOR2* RNAi (Fig. 6A). However, given the strong growth phenotype associated with *TOR2* RNAi further detailed investigation is required to reveal the biological significance of this finding.

DISCUSSION
==========

The widely established role of autophagy in the nutrient starvation response of many eukaryotes led us to initially investigate PCF *T. brucei,* which unlike the BSF are able to withstand periods of nutrient starvation. Our findings support the assertion that autophagy participates in a nutrient starvation response [@B16], with both YFP-ATG8.1 and YFP-ATG8.2 showing dramatic reorganisation into autophagosomes post starvation (Fig. 1). ATG8.3, however, despite significant similarity to ATG8.1 and ATG8.2 proteins, does not appear to play a functionally analogous role as during both normal growth and nutrient starvation YFP-ATG8.3 remains almost entirely dispersed in the cytosol. It is possible that ATG8.3 functions as a *bone fide* ATG8-like protein, but only in processes outside of the PCF nutrient starvation response. Such functional selectivity has been reported for ATG8.1 and ATG8.2 [@B16] and also occurs for the expanded *L. major* ATG8 family, with specific proteins linked to distinct autophagy processes [@B33]. However, an alternative hypothesis is that ATG8.3 functions as an ATG12. In support of this hypothesis, ATG8.3 is the syntenic orthologue of LmjF22.1300, a protein that despite some ATG8-like features, functions as an *L. major* ATG12 [@B30]. Furthermore, in yeast, the Atg12-Atg5 complex is predominantly located in the cytoplasm and associates only to the isolation membranes and not with mature autophagosomes [@B4]. Accordingly, the limited YFP-ATG8.3 puncta formation that occurs in response to PCF nutrient starvation in comparison to YFP-ATG8.1 or YFP-ATG8.2 could reflect a similar phenomenon. In the absence of definitive *in vivo* and *in vitro* biochemical data caution is still required with regard to definitively ascribing a function to ATG8.3 in *T. brucei*.

Although the application of molecular level analyses has begun to shed light on the mechanisms of *T. brucei* autophagy*,* its physiological role(s) remain largely unknown [@B16][@B18]. To help address this issue we have developed and now validated BSF *T. brucei* autophagy reporter cell lines, in an RNAi compatible genetic background, that can be used to interrogate genes predicted to be involved in the autophagy pathway. The effectiveness of this system was demonstrated through the *in vivo* study of the *T. brucei* ATG5, ATG7 and the TOR family. Depletion of ATG5 following induction of *ATG5*-specific RNAi led to disruption of autophagosome formation, but this did not impact cell growth or the ability to differentiate under the conditions tested. The absence of detectable growth or differentiation phenotypes for the *ATG5* RNAi mutant could, in part, be due to the highly virulent monomorphic BSF 2T1 line. The rapid growth rate of these cells might obscure the detection of subtle autophagy-linked defects under the experimental conditions tested. Future studies would benefit from creating *ATG5* gene deletion mutants, or *ATG5* RNAi in pleomorphic cell lines to enable the role of autophagy to be studied over the complete parasite life-cycle.

Analysis of the *T. brucei* TOR family successfully identified TOR1 as a negative regulator of autophagy in monomorphic BSF; controlling YFP-ATG8.2 puncta formation but not YFP-ATG8.1. However, further investigation is required to identify whether this discrimination relates to the potential hierarchical relationship of ATG8.1 and ATG8.2 in *T. brucei* autophagosome formation proposed to occur in the procyclic form [@B16] or reflects the existence of different signalling pathways that coordinate discreet subsets of autophagosomes. Interestingly, TOR4 has recently been shown to negatively regulate the differentiation of long slender BSF into the short stumpy stage pre-adapted for transmission to the insect host [@B32]. However, in this analysis RNAi of *TOR4* did not increase the formation of autophagosomes (Fig. 6), although further analysis at additional time points might reveal a role for autophagy in this differentiation process.

The participation of autophagy in the PCF nutrient starvation response is consistent with the complex and prolonged differentiation processes that occur within the tsetse fly vector [@B34]. To ensure successful transmission to a mammalian host, the developing PCF parasites must be able to survive fluctuating nutrient stress attributed to inconsistent feeding patterns of tsetse flies in the wild [@B35]. It has been speculated that programmed cell death pathways, such as autophagic cell death, could function in altruistic mechanisms intended to limit the parasite burden placed upon the host, thereby promoting transmission of surviving parasites [@B16]. However, in the absence of conclusive evidence describing such pathways in *T. brucei*, it remains a distinct possibility that, as for many other eukaryotes, autophagy's primary function is pro-survival [@B18]. Indeed, the reduced capacity of PCF autophagy mutants to recover from acute periods of nutrient starvation (Fig. 2), hints at how such a process could facilitate PCF survival during nutrient stress in the tsetse fly. Furthermore, the redundancy of the established BSF autophagy pathway during DHA-induced death (Fig. 4), highlights the difficulties in confidently attributing the autophagic machinery to an active cell death process and we believe that such an involvement has not been demonstrated to date for trypanosomatids [@B18].

MATERIALS AND METHODS
=====================

Parasite culture and genetic manipulation
-----------------------------------------

*Trypanosoma brucei* Lister (strain 427) were grown in culture as bloodstream form (BSF) and procyclic form (PCF) parasites. BSF were maintained at 37°C in 5 % carbon dioxide, with wild type grown in HMI-9 media supplemented with 10 % heat-inactivated foetal calf serum (FCS), 10 % serum plus and 0.5 µg ml^-1^penicillin-streptomycin (PS) (Sigma) and BSF 2T1 [@B25] grown in HMI-11 supplemented with tetracycline free FCS and 0.5 µg ml^-1^PS. Wild type PCF and PCF 29-13 [@B24] *T. brucei* were grown at 27°C in 5 % carbon dioxide in SDM-79 media supplemented with 10 % FCS and 0.5 µg ml^-1^PS (Sigma). Cell densities were determined by counting the number of cells in 10 μl of culture using an Improved Neubauer haemocytometer counting chamber (Weber Scientific).

For transfection, mid-log BSF (1 x 10^7^) or PCF (3 x 10^7^) cells were resuspended in 100 µl Human T Cell Nucleofector Solution (Lonza), transferred to a cuvette loaded with 10 µg of linearised DNA and pulsed on programme X-001 using the Human T Cell Nucleofector machine (Amaxa). The parasites were recovered overnight in HMI9, HMI11 or SDM79, respectively, before limited dilution cloning in appropriate media containing antibiotics for selection. BSF *T. brucei* 427: 5 μg ml^-1^ hygromycin B (Calbiochem), 2.5 μg ml^-1^ G418 (Calbiochem), 2.5 μg ml^-1^ phleomycin (InvivoGen) and 10 μg ml^-1^ blasticidin (Calbiochem). PCF *T. brucei* 427: 50 μg ml^-1^ hygromycin B (Calbiochem), 10 μg ml^-1^ G418 (Calbiochem), 10 μg ml^-1^ zeocin (Calbiochem) and 20 μg ml^-1^ blasticidin (Calbiochem).

RNAi was induced by adding 1 μg ml^-1^ tetracycline to cells at 1 x10^4^ ml^-1^ (BSF) or 5 x 10^5^ ml^-1^ (PCF) and the growth rate was compared to identical non-induced control lines. Cells were passaged every 24 h or 48 h (BSF) or 72 h (PCF) with tetracycline added to induced cells. For *in vivo* growth analysis 1 × 10^5^ BSF parasites (*ATG5*) or 5 x 10^5^ BSF parasites (*CRK3*) from a donor mouse were inoculated into 3 ICR mice by intraperitoneal injection. After 24 h (*ATG5*) or 48 h (*CRK3*), the drinking water of two mice was supplemented with 0.2g L^-1^ doxycycline with 5% sucrose. The parasitaemia in all mice was monitored daily by haemocytometer cell count of mouse blood taken from a tail vein diluted in 0.83% ammonium chloride. At parasitaemias above 1x10^8^ cells per ml mice were humanely culled.

To monitor autophagy the number of YFP-ATG8 labelled autophagosomes per cell was determined by fluorescence microscopy of fixed cells. For each condition tested \>200 cells were analysed, with data presented as a mean of at least three replicate experiments. Where required the conditional expression of YFP-ATG8 in PCF was induced by overnight incubation with 1 μg ml^-1^ tetracycline before further analysis. For nutrient starvation of PCF, the cells were washed twice and incubated in PBS warmed to 27^o^C, supplemented with wortmannin (Sigma) or 1 μg ml^-1^ tetracycline, as required.

For PCF starvation recovery assays, *ATG3* and *ATG7* RNAi were induced in cell lines expressing YFP-ATG8.1 for 72 h. The induced and control cells were washed twice in PBS and then either starved in PBS for 3.5 h or returned to SDM79, both supplemented with tetracycline as required. Cells were seeded at 1 x 10^6^ ml^-1^ into fresh SDM79, with tetracycline as required, and growth was determined every 24 h by haemocytometer cell count for 96 h post starvation or mock SDM79 treatment.

For the phenotypic analysis of BSF autophagy mutants, *ATG5* RNAi was induced in cells expressing YFP-ATG8.2 for 48 h to disrupt autophagy. To determine the IC~50~ of dihydroxyacetone (Sigma D107204) induced and control cells were counted, adjusted to 3 x 10^4^ ml^-1^ in HMI-11 supplemented as required with 2 tetracycline μg ml^-1^and 100 µl was added across a 96 well plate. Dihydroxyacteone was prepared to 24 mM in HMI-11 and 100 µl was serially diluted across the plate, with media only added to the last column. After 48 h cells were resuspended by gentle pipetting and growth determined by haemocytometer cell count of at least two replicate rows per treatment. The mean IC~50~ values were derived from three experimental replicates. To assess differentiation induced and control cells were counted, washed twice and adjusted to in 5 x 10^6^ ml^-1^ in PCF differentiation media (SMD79, 10 mM glycerol, 6 mM cis-aconitate) and incubated at 27^o^C.

Plasmid Construction
--------------------

The plasmids used for the ectopic expression of epitope tagged genes are described in detail by [@B36]. For the conditional expression of YFP-ATG8 fusion proteins *ATG8.1* (Tb927.7.5900) was amplified from genomic DNA (strain 427) by PCR using primers OL2621 (*Hin*dIII) and OL2622 (*Bam*HI); see table S1 for oligonucleotide sequences. The resulting fragment was cloned into p2628 [@B36], pre-digested with *Bam*HI and *Hind*III. This created an N-terminal yellow fluorescent protein (YFP) tagged ATG8.1 expression construct, named pGL1843. Additional N-terminally tagged YFP expression constructs were prepared by following the same procedure for *T. brucei* *ATG8.2* (Tb927.7.5910), using primers OL2623 (*Hin*dIII) and OL2624 (*Bam*HI), producing pGL1835 and *T. brucei* *ATG8.3* (Tb927.7.3320), using primers OL2625 (*Hin*dIII) and OL2626 (*Bam*HI), producing pGL1836. Constructs were linearised with *Not*I for transfection. For constitutive ectopic expression of YFP-ATG8s, ORFs from pGL1843 and pGL1835 were cloned with *Hin*dIII and *Xho*I into a version of the *T. brucei* expression construct pGL2113 [@B26], that had been previously modified to change the drug resistance marker to BSD.

RNAi constructs. RNAi target fragments were identified using the TrypanoFAN: RNAit target selection script (<http://trypanofan.path.cam.ac.uk/software/RNAit> ). For 2T7^ti^ [@B27] constructs products were cloned with *Bam*HI and *Hind*III using oligo pairs OL3668/OL3669 for *ATG3* (Tb927.2.1890) creating pGL2065 and OL3670/OL3671 for *ATG7* (Tb927.10.11180) creating pGL2066. To prepare the RNAi plasmids for transfection they were digested with *Not*I. For the stem-loop RNAi constructs, PCR amplified products were Gateway® cloned into pTL [@B28], an attP modified version of pRP^ISL^ [@B25]. This method was used to clone RNAi target fragments for: *ATG5* (Tb927.6.2430) with oligos TL0413 and TL0414 creating pTL209; *ATG7* (Tb927.10.11180) with oligos OL3810 and OL3811 creating pGL2171; and *TOR1* (Tb927.10.8420) with oligos TL0297 and TL0298 creating pTL149, *TOR2* (Tb927.4.420) with oligos TL0295 and TL0296 creating pTL148, *TOR3* (Tb927.4.800) with oligos TL0294 and TL0295 creating pTL147 and *TOR4* (Tb927.1.1930) with oligos TL0291 and TL0292 creating pTL146 [@B28]. The *CRK3* (Tb927.10.4990) stem-loop RNAi construct pGL1987 was created by cloning the PCR product amplified with oligos OL3332 and OL3333 into pRPa^iSL^ [@B25].

Antibodies
----------

Antibodies were raised to recombinant *T. brucei* ATG8.1. *ATG8.1* was amplified from genomic DNA (strain 427) using primers OL2775 (*Nhe*I) and OL2776 (*Xho*I). The product was cloned into the pET-28a(+) *E. coli* protein expression vector, pre-digested with *Nde*I and *Xho*I, generating pGL2115. pGL2155 was transformed into *E. coli* BL21 Rosetta (Stratagene) and ATG8.1 was expressed in 300 ml Overnight Express TB Medium (Novagen). The pellet was lysed with Bacterial Protein Extraction Reagent (B-PER) (Pierce) supplemented with 10 μg ml^-1^ DNAse 1 (Sigma). Recombinant HIS tagged protein was purified from the soluble fraction by immobilised metal ion affinity chromatography on a column packed with Metal Chelate-20 (Poros). Peak fractions were pooled and buffer exchanged into 50 mM Tris pH 8.0 then adjusted to pH 5.5 and 150 mM NaCl added. Purified recombinant ATG8.1 was used as an antigen to produce polyclonal antiserum in a rabbit (Scottish National Blood Transfusion Service, Penicuik, Midlothian). Antibodies were affinity purified using AminoLink Coupling Gel (Pierce) as per manufacturer's guidelines.

Immunoblotting
--------------

Whole cell extracts were denatured by heating at 100^o^C for 4 min in LDS sample buffer (Invitrogen), and then electrophoresed on 12% or 15% (w/v) SDS-PAGE. Proteins were transferred to nitrocellulose membrane (Hybond-C, Amersham Biosciences) for western blotting. Primary antibodies rabbit anti-TbATG8.1, mouse anti-GFP (Living Colours), mouse anti-EF-1α (Millipore), rabbit anti-TbTOR1 [@B22] and sheep anti-oligopeptidase B [@B37] were used at 1:400, 1:800, 1:15000, 1:5000, respectively. HP-conjugated anti-mouse (Promega), anti-rabbit (Promega), and anti-sheep (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) were used at 1:5000. Chemiluminescent detection was with the SuperSignal West Pico substrate or West Femto Maximum Sensitivity Substrate (Pierce).

Microscopy
----------

For each slide \~1 x 10^5^ *T. brucei* cells were washed twice in trypanosome dilution buffer (TDB) (20 mM Na~2~HPO~4~, 2 mM NaH~2~PO~4~, 80 mM NaCl, 5 mM KCl, 1 mM MgSO~4~, 20 mM glucose, pH 7.4) before fixation in 1 % (w/v) paraformaldehyde (Sigma) on ice for 15 min (BSF) or 30 min (PCF). After two washes in TDB cells were resuspended in 20 µl TDB and evenly spread onto slides coated in 0.1 % poly-l-lysine (Sigma) and allowed to sediment. Where indicated DNA was visualised by staining with 1 μg ml^-1^ 4,6-Diamindino-2-phenylindole (DAPI) in mounting solution (PBS, 50 % (v/v) glycerol, 2.5 % (w/v) DABCO). All slides were fitted with a coverslip sealed with nail varnish.

The number of autophagosomes per cell was determined using a Zeiss Axioplan microscope. Mean autophagosomes per cell were derived from \>200 cells from at least 3 replicate experiments. Representative fluorescent microscopy images were obtained using an Applied Precision DeltaVision Deconvolution microscope system fitted with a CoolSnap HQ camera. Image capture and microscope operation was performed using the software package SoftWoRx. Fluorescence was viewed using the FITC filter (λ~Ex~ 490 nm / λ~Em~ 528 nm), RD-TR-PE filter (λ~Ex~ 555 nm / λ~Em~ 617 nm), DAPI filter (λ~Ex~ 360 nm / λ~Em~ 457 nm) and reference images were obtained using the differential interference contrast (DIC) filter. Exposure time was set to 1 second with the transmission level of the neutral filter optimised for each sample and 60 x or 100 x oil immersion objectives were used. The Z-stacks obtained were deconvolved using the automatic conservative ratio setting before projection into one representative image. Merged images were created using Adobe Photoshop.

RNA isolation and quantitative PCR
----------------------------------

RNA was isolated from 1.5 x 10^7^ cells using the RNAeasy kit (Qiagen) processed by the QIAcube (Qiagen) according to manufacturer's instructions, with an added on column DNase -1 (Sigma) digestion step. cDNA was produced from 1 μg of isolated RNA using random hexamer primers (Invitrogen) and SuperScript Reverse Transcriptase III (Invitrogen) according to manufacturers' instructions. Genomic DNA contamination was controlled for by omitting reverse transcriptase (-RT). Quantitative real time PCR (qPCR) analysis was performed on cDNA samples in reactions comprised of following: 1 μl of cDNA, 12.5 μl Power SYBR Green PCR Master Mix (Applied Biosystems), 3 μM primer 1, 3 μM primer 2 and 6.5 μl of water. PCR reactions were carried out in triplicate in sealed 96 well plates, using an Applied Biosystems 7500 Real Time PCR machine, with resulting data analysed on Applied Biosystems 7500 System Software. Primers used for real time PCR were designed using the Applied Biosystems Primer Express 3.0 programme and designed to amplify \~50 bp product specific to each target ORF outside of the RNAi target region.

Statistical analysis of data
----------------------------

Where indicated data were expressed as means ± standard deviation from the mean. P-values were calculated using an unpaired, two-tailed Student's T-test on Microsoft Excel. Differences were considered significant at a p-value of \<0.05.

SUPPLEMENTAL MATERIAL
=====================

###### 

Click here for supplemental data file.

All supplemental data for this article are also available online at <http://microbialcell.com/researcharticles/tracking-autophagy-proliferation-differentiation-trypanosoma-brucei/>.
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